1. Introduction {#sec1}
===============

Oral cavity is a doorway to all the systems of human body. Dental biofilms comprising of polymicrobial species are the main source of dental disease [@bib1]. Mechanical removal of these leads to prevention of spread of dental caries and periodontal diseases [@bib2]. Antimicrobials have also been used as adjunct to mechanical aids, but these biofilms preserve their structural integrity and develops resistance against antimicrobial agents [@bib3]. Dental diseases due to biofilms remains a major concern. Dental caries is a prevalent finding in the oral cavity caused by the acid producing bacteria. These acids disturb the acid--base equilibrium on the tooth surface. Due to this, the physiological equilibrium between demineralization and remineralization of the tooth structure shifts towards demineralization, which removes the hydroxyapatite crystals from the tooth causing caries [@bib4].

Remineralization, which is a natural process can only compensate a certain amount of this acid challenge. When acid challenge becomes severe, natural process of remineralization is incapable to prevent caries progression [@bib5]. Different materials, such as newer adhesive systems and composite resins \[[@bib6], [@bib7]\] are used to treat dental caries. However, they still have some disadvantages to their use. Secondary caries occurs under these materials, high occlusal stress can lead to their fracture and even microleakage leading to hypersensitivity. Therefore, the in-situ remineralization or regeneration of Hydroxyapatite (HA) under normal physiological conditions as an alternate restorative material is the need of the hour. Various types of nanoparticles are incorporated to improve of the shortcomings of these restorative materials. The need is to formulate a strategy which will simulate the roles of organic matrices to initiate process of biomineralisation on the surface of enamel and dentin.

The 20th century has observed some striking innovations in synthesis of polymers and improvements in the design of biodegradable macromolecules. Dendrimers is one of the results of these advances in the field of polymer science. For the first time, dendrimers were synthesized by 1970--1990 with unique architecture with suitable surface groups which could be fine-tuned \[[@bib8], [@bib9]\]. Dendrimer which is a type of nanoparticle is made up of unimolecular micelles having an interior hydrophobic and exterior hydrophilic shells acting as a carrier for drug. It arises from Greek word dendron which means ""tree" or "branch" \[[@bib10], [@bib11], [@bib12], [@bib13]\]. Additional names of dendrimers are "cascade polymers." or "arboroles". It has three parts, a central core, building blocks and multiple functional groups at periphery. The core at the centre encapsulates chemical species while the interior layers with repeating units in the building blocks is structured in a geometrical pattern leading to concentric layers named as "generations".

2. Theory {#sec2}
=========

2.1. Dendrimer generations {#sec2.1}
--------------------------

Dendrimers have many branches constituted of duplication elements having at least one branch connection, whose duplication is organized in a geometrical progression that outcomes in a series of radially concentric layers called "generations". Dendrimers are produced in an iterative arrangement of reaction steps, in which each added iteration lead to a higher generation dendrimer. Each new layer creates a new \'generation\', with double the number of active sites (called end groups) and around doubles the molecular weight of the former generation \[[@bib14], [@bib15], [@bib16]\]. The increase in the number of dendrimer terminal groups is consistent with the geometric progression:where z = molecular weight, n~c~ = the branch-juncture multiplicity, n~m~ = the core multiplicity, G = the number of generations. As dendrimers are synthesized by step-by-step growth method, the branching elements are shown by generation number. The core molecule is demonstrated by generation 0 (G0) whereas succeeding integration of branching units leads to generations G1, G2, G3, G4 and so on. Dendrimers of lower generations (G0, G1, and G2) have highly asymmetric shape and hold more open structures as compared to higher generation dendrimers [@bib17]. As the chains grow from the core, molecule becomes longer and more branched (in G4 and higher generations) dendrimers accept a globular structure. Dendrimers become densely packed as they extend out to the periphery, which forms a closed membrane-like structure. When a critical branched state is reached dendrimers cannot raise because of a lack of space. This is termed the 'starburst effect' \[[@bib18], [@bib19], [@bib20], [@bib21]\].

Amongst the existing polymeric nanocarriers, dendrimer is the most extensively explored polymeric nanocarriers \[[@bib10], [@bib16], [@bib22], [@bib23]\]. The multivalent surface at the periphery with numerous functionalities interact with the outer environment to give dendrimers its macroscopic properties \[[@bib18], [@bib24], [@bib25], [@bib26], [@bib27], [@bib28], [@bib29]\]. The polypropylene imine (PPI) dendrimers established by Meijer and Mulhaupt groups \[[@bib21], [@bib30], [@bib31], [@bib32]\] and polyamidoamine dendrimers (PAMAM) developed by Tomalia et al \[[@bib28], [@bib33], [@bib34], [@bib35]\] are extensively studied in field of medicine. Dendrimers can act as biomimics as their globular structure with diameters less than 10nm makes them with uniform shapes and sizes, that can be altered into different generations of dendrimers \[[@bib23], [@bib36], [@bib37], [@bib38]\]. These hyperbranched structures with peripheral functional groups provides with opportunity for having specific drug molecules on the surface in multivalent manner \[[@bib39], [@bib40], [@bib41]\] Also interior of dendrimers with hydrophilic or hydrophobic shells helps them to encapsulate specific drug molecules \[[@bib20], [@bib42], [@bib43], [@bib44], [@bib45]\]. Lastly, due to their low polydispersity, guarantees the reproducibility of biodistribution of polymeric agents utilizing them as scaffolds [@bib46]. Dendrimers finds wide applications in transdermal, oral, ocular, pulmonary and target specific drug deliveries, microvascular extravasation, gene deliveries \[[@bib8], [@bib28], [@bib47]\]. The shape and size of HA can be controlled by dendrimers in various concentrations, different generations and peripheral group modifications. This review aims to discuss the application of dendrimers dentistry in relation to the remineralisation of tooth structure, reduction in progression of periodontal disease, surface alterations of dental implant surfaces to enhance osseointegration and various other applications for improvement in properties of dental biomaterials used in dentistry.

3. Experimental {#sec3}
===============

3.1. Applications of dendrimers in dentistry ([Table 1](#tbl1){ref-type="table"}) {#sec3.1}
---------------------------------------------------------------------------------

### 3.1.1. Biomimetic mineralisation: need of the hour {#sec3.1.1}

The concept of biomimetic mineralization has been applied in recent years in repair of damaged tooth. This process involves induction of in-situ remineralization of enamel and dentin by various biomaterials by an 'amorphous precursor pathway' that is mediated by non-collagenous proteins (NCPs) \[[@bib48], [@bib49], [@bib50]\]. The key factor for this biomimetic mineralisation is to have proteins which can provide template for formation of inorganic components \[[@bib51], [@bib52]\]. As it is challenging for extraction of NCPs, the need is to formulate a macromolecular assembly which will simulate the structure and function of NCPs. The key feature in formulation of NCPs analog is to have precise steric assembly which can efficiently control biomineralisation. Research has shown that various materials have been tested to simulate organic matrices in regeneration of enamel and dentin by stimulation of HA remineralization. For example, an anionic peptide developed to produce scaffolds on lesions similar to on enamel under conditions similar to intraoral environment resulted in HA formation \[[@bib53], [@bib54]\].Table 1Dendritic approach in the delivery of therapeutics in dentistry.Table 1SourceType of DendrimerGenerationObjectiveMethodical approachOutcomeSource(Gardiner et al., 2008)PAMAMG3Incorporation of triclosan in dendrimer to enhance solubilityπ-π stacking between G3 dendrimer and the amino acid, phenylalanine to enhance solubility•Solubilization of triclosan increased with increasing concentration of dendrimer due to ionisation effect•Solubility of triclosan showed to improve with π-π stacking between dendrimer and phenylalanine at 1:21 ratio•The increase in solubility could to reflected by change in pH[@bib95](Kim et al., 2010)PAMAMG5Modified G5 dendrimer could bind to dental pulp cell to increase odontogenic potentialG5 dendrimer with RGD ligand•Western blot analysis suggested increase in vascular endothelial growth factor, matrix extracellular phosphoglyco-protein, dentin sialoprotein and matrix protein through JNK pathway•Application of G5-RGD showed enhanced mineralization as evidenced by Von Kossa assay[@bib108](Dodiuk-Kenig et al., 2004)PAMAM-To check the adhesive properties of hyper-branched and dendritic polymers in acrylate-based dental compositeCommercial hyper-branched polyesteramide, two dendripolyamides and PAMAM dendrimer•Compressive strength of dental composite with 0.3 wt% hyper-branched polyesteramide improved the from 253 ± 20MPa to 386 ± 20MPa•The same composite showed reduction in linear shrinkage from 2.4 ± 0.2% to 1.5 ± 0.2 %•Improved bond durability and shear bond strength with the above composition[@bib78](Kawaguchi et al., 2011)Commercial dendrimer-Evaluation of mechanical properties of methacrylated dendrimer crosslinked denture resinMethylmethacrylate and crosslinker ethyleneglycol dimethacrylate or crosslinker dendrimer•Crosslinker dendrimer showed a significant increase in hardness of matrix area and flexural modulus than crosslinker ethyleneglycol dimethacrylate•The crosslinker improved the flexural strength significantly[@bib107](Eichler et al., 2011)PAMAMG5PAMAM dendrimer could modify adsorption/desorption behaviour of human saliva compared to self-assembled monolayers grafted surfaceSurface of the periodontitis model grafted with PAMAM-NH~2~•Covalently bound PAMAM depicted decreased adherence of *Streptococcus gordonii* in absence of saliva•Same approach of repelling bacteria was observed even after saliva conditioning•Substitution of PAMAM lowers the amount of absorbed protein[@bib112](Li et al., 2013)PAMAMG3 and G4Restorative substitution with PAMAM in human hard tissues to mimic the functions of noncollagenous proteins to promote mineralizationCarboxyl (-COOH) terminated G3 and G4 PAMAM dendrimers to substitute noncollagenous proteins on dentine surface•Monodispersed characteristics and steric hindrance property were reported advantageous•Bioinspired mineralization process in dentine environment was facilitated by G4 dendrimer•Dendritic structure could be a potential restorative material for biomineralized hard tissue[@bib113](Bengazi et al., 2014)Methyl methacrylate dendrimer-To investigate the degree of utilization of methyl methacrylate monomers in different dendrimer conjugated resinsThe commercial dendrimers of different methyl methacrylate units (12 in D12 and 24 in D24) were incorporated in dental resin•Following heat induced polymerization, there were 65% and 62% degree of conversion for D12 and D24, respectively•Residual monomer contents were 1.0% and 1.5%, respectively for D12 and D24•Following photo polymerization, degree of conversion decreased with increase in methyl methacrylate proportion and thus increase in residual monomer content•Heat induced polymerization method was suggested as best method with degree of conversion and residual monomers[@bib105](Wu et al., 2013)PAMAM-Investigated to mimic organic matrices tempted biomineralization procedure to develop tooth enamel with increased binding strength at the interface of remineralizationHydroxyapatite anchored PAMAM-COOH-alendronate conjugate (ALN-PAMAM-COOH) for in situ mineralization approach•PAMAM-COOH promotes hydroxyapatite crystallization process•Conjugation of alendronate increased binding strength•ALN-PAMAM-COOH help in *in situ* remineralization of hydroxyapatite on acid-etched enamel•Generated hydroxyapatite nanorod like structures were similar to human tooth enamel•Hardness of the acid etched enamel could be recovered 95.5% of the original value using ALN-PAMAM-COOH[@bib59](Paul et al., 2006)Methyl methacrylate dendrimer-To enhance the composite properties in dental additiveHighly branched, globular 2,3-dihydroxybenzyl motif to achieve multi-methacrylate dendritic additive•Compared to control, addition of 0.5% multi-methacrylate dendritic additive showed 21--35% increase in flexural strength•Flexural strength increased with higher molecular weight dendrimers•Increase in additive concentration could not have positive effect on flexural strength[@bib80](Dung, Do and Yoo, 2013)PAMAMG5To obtain sustained release profile of the model antibacterial/antiprotozoal agentG5-pluronic F127 (G5-PF127) nanofilms loaded with metronidazole•Release of incorporated drug and erosion of the nanofilm were achieved in acidic pH•In salivary environment, the release is medium•Gelatin (20%) coated G5-PF127 had shown further improvement of release pattern•Nanofilms were stable for 9 months in dried form•However, stability decreased in humid condition (30% RH at room temperature)[@bib96](Chen et al., 2014)PAMAMG4Investigation of phosphate-terminated PAMAM dendrimer in the remineralization procedure of acid-etched human tooth enamelG4 PAMAM dendrimer is converted to phosphate terminated PAMAM dendrimer using dimethyl phosphate to simulate amelogenin•Phosphate group has strong calcium binding and hydroxyapatite conjugation capability•Phosphate terminated PAMAM dendrimer showed low toxicity•Phosphate terminated PAMAM dendrimer strongly absorbed on tooth enamel•New hydroxyapatite layer following 3 weeks incubation with phosphate terminated PAMAM dendrimer showed 11.23 μm deposition•Formation of enamel with phosphate terminated PAMAM dendrimer was similar to natural tooth including orientation towards z-axis[@bib61](Galli et al., 2014)Poly(epsilon-lysine) dendronG3Dendritic approach to titanium surfaces could improve differentiation of osteoblastic cells and the activation of Wnt/b-catenin signallingPhosphoserine-tethered poly(epsilon-lysine) dendrons in endosseous implants•Dendrons showed increased expression of two osteoblastic markers, alkaline phosphatase and osteocalcin in primary bone marrow cells and murine osteoblastic MC3T3 cells•Osteoclastogenesis opposing protein osteoprotegerin was found to get expressed significantly higher•Wnt target genes, Wisp-2 and b-catenin were also showed increased expression[@bib106](Ge et al., 2017)PAMAMG3The anti-caries effect and mechanical properties of the modified adhesive in biofilm regulation and remineralization capabilitiesPAMAM and dimethylaminododecyl methacrylate in biofilm adhesive•Addition of PAMAM and dimethylaminododecyl methacrylate in adhesive showed no adverse effecton dentin bond strength•The modified adhesive with 1% PAMAM and 5% dimethylaminododecyl methacrylate showed anti-biofilm properties and developed a healthier biofilm to reduce the chances of dental caries•Remineralization capabilities of the modified adhesive was found to have similarity with 1% PAMAM modified adhesive[@bib77](Xiao et al., 2017)PAMAMG3Development of bioactive multifunctional composite (BMC) *via* nanoparticles of amorphous calcium phosphate, 2-methacryloyl-oxyethyl phosphoryl-choline, dimethylamino-hexadecyl methacrylate and silver nanoparticles for class V restoration\
Investigation of BMC with PAMAM dendrimer on remineralization of demineralized root dentin in a cyclic artificial saliva/lactic acid environment for the first timeBMC complex mixture with nanoparticles of amorphous calcium phosphate, 2-methacryloyl-oxyethyl phosphoryl-choline, dimethylamino-hexadecyl methacrylate and silver nanoparticles\
And BMC with PAMAM dendrimer•PAMAM with BMC showed superior dentin mineralization characteristics•The hardness of the dentin increased enough to match healthy root dentin•PAMAM with BMC induced complete and effective root dentin remineralization in an acid challenge environment[@bib76](Tao et al., 2017)PAMAMG4Determination of dentin remineralization extent with PAMAM dendrimerPAMAM-OH, PAMAM-COOH, PAMAM-NH~2~ coated dentin•Dentin coated with PAMAM containing different functional groups showed increased hardness of dentin, reduced loss of mineral and lesion depth, with higher remineralization capability•Lower mineral loss and lesion depth with higher dentin tubule blocking effect was shown by PAMAM-COOH, PAMAM-NH~2~ than PAMAM-OH•Effects of PAMAM-COOH, PAMAM-NH~2~ dentin remineralization were comparable[@bib75](Lin et al., 2017)PAMAM-Application of dendrimer functionalized with nano-hydroxyapatite in dentin tubule occlusionModification of nano-hydroxyapatite with COOH-terminated PAMAM dendrimer•Dendrimer functionalized nano-hydroxyapatite found to crosslink with collagen fibres•Therefore, effective dental tubule occlusion reported•Superior value of microhardness was observed with modified nano-hydroxyapatite[@bib74](Liang et al., 2017)PAMAMG3Remineralization of dentin in acidic environment (devoid of calcium/phosphate ion) with modified nanocompositeModified nanocomposite of PAMAM and nanoparticle of amorphous calcium phosphate•Nanoparticle of amorphous calcium phosphate composite showed mechanical property similar to commercial formulation•Nanoparticle of amorphous calcium phosphate composite neutralized acidic environment and releases calcium and phosphate•PAMAM alone could not produce dentin remineralization•Nanoparticle of amorphous calcium phosphate composite could result in mild remineralisation and little hardness of dentin after 21 days treatment•Nanoparticle of amorphous calcium phosphate nanocomposite with PAMAM neutralized acid environment and restoring dentin hardness effectively[@bib73](Gao et al., 2017)PAMAMG4Evaluation of PAMAM effectiveness and stability on dental tubule occlusionAmine-terminated-G4-PAMAM in dental permeability•PAMAM and standard Na-fluoride significantly decreased dentin permeability, 25.1% and 20.7%, respectively.•Both the solutions resulted precipitation on dentin after artificial saliva immersion•Dendrimer induced biomineralization both in dentine and deeper in dental tubule•Significant reduction in dentine permeability was observed with PAMAM[@bib72](XIE et al., 2016)PAMAMG3.5Evaluation of the effects COOH-terminated PAMAM on dentinal tubules occlusion and biomineralization on human demineralized dentinCOOH-terminated PAMA•PAMAM dendrimer lead to the growth of hydroxyapatite on dentin, especially similar crystal structure with natural dentin•Biomineralization of demineralized dentin was improved with PAMAM, which is reflected in increased microhardness[@bib71](Zhang et al., 2015)PAMAMG4Dendrimer based dentine restorationPhosphate-terminated PAMAM dendrimer•Application of phosphate-terminated PAMAM dendrimer resulted in 10 μm thickness of regenerated mineral layers, *in vitro* and *in vivo*•This phosphate-terminated PAMAM dendrimer approach could be beneficial in preparation of various restorative nanomaterials, even in the field of material science and stomatology[@bib68](Xie et al., 2015)PAMAMDetermination of remineralization effect of calcium hydroxide pre-treated with carboxyl modified PAMAM dendrimerCarboxyl-modified PAMAM and pre-treated with Ca(OH)2 solution•Nearly all dentinal tubules were occluded with hydroxyapatite minerals.[@bib70](Wang et al., 2015)PAMAMG3Determination of the remineralisation effect of phosphorylated PAMAM dendrimers in demineralized dentinPhosphate groups in PAMAM dendrimer through Mannich-type reaction•Immersion of modified PAMAM dendrimers treated demineralized dentin discs in remineralizing solution resulted successful phosphorylation of demineralized dentinal collagen fibrils•Good biocompatibility was also observed.•Newly induced crystals covered the surfaces of demineralized dentin•Dentinal tubules were occluded.[@bib66](Liang et al., 2015)PAMAMG3Investigate the remineralization effect of amine terminated\
PAMAM on demineralized dentinAmine terminated PAMAM on remineralization•Showed good binding capacity and biocompatibility•Resulted precipitation of needle-like crystals on dentin surface as well in dentinal tubules•Regenerated minerals showed good resistance against acid[@bib64](Zhou et al., 2014)PAMAMG4Evaluation of the effect of triclosan loaded carboxyl terminated PAMAM- dendrimer on the human dental caries.Triclosan laded carboxyl terminated PAMAM•Improved remineralization on etched dentine with hydroxyapatite crystal which are similar like natural dentine•Provide sustained release profile of triclosan for local treatment due to dendrimer encapsulation and degree of remineralization[@bib63](Backlund et al., 2014)PAMAMG1Investigate the bactericidal efficacy of propylene oxide modified PAMAM by nitric oxide releasing against cariogenic bacteriaNitric oxide releasing scaffold propylene oxide modified PAMAM•Effective nitric oxide release was demonstrated by 3-log reduction in viability of periodontopathogen such as *P.g* and *A.a*•At effective concentration exhibited less toxic effect to human gingival fibroblasts compare to commercial chlorhexidine[@bib100](Jia et al., 2014)PAMAMG4Evaluate the biological mineralization of the PAMAM dendrimer on the demineralized dentinal tubulesPAMAM dendrimer and peptide bond condensing agent•Improved mineralized template on the dentine surface and promote biomineralization•Significantly higher microhardness was observed in dendrimer treatment group compare to no treatment[@bib62]

Amelogenin protein and their supramolecular structures have been applied for regeneration of HA crystals on etched enamel [@bib55]. Glycerine-enriched gel having fluorine and phosphate ions and mixture of nanoapatite particles and glutamic acid have depicted the formation of structures resembling enamel on the tooth surface. In addition, a glycerine-enrich gelatin gel having fluoride and phosphate ions [@bib56], and mixture of nanoapatite particles and glumatic acid [@bib57] have both shown to have the capacity of initiating enamel-like mineral on dental surface. Nonetheless, many of these trials have some drawbacks like challenges in formulating peptide structures, excessive use of various ions and difficulty in clinical application. Thus, its required to develop a concept which is simple and functionally mimics process of biomimetic mineralization on tooth surface. Dendrimer, frequently discussed as 'artificial proteins', has a well-defined structure, monodispersity similar to proteins and biomimetic properties [@bib58] makes it an ideal candidate to simulate NCPs. These dendrimers can provide a biomimetic effect on the process of crystal formation on enamel and dentin hard tissues. Thus, dendrimers can be one of the most important proteins to be incorporated in dental biomaterials to initiate the natural process of remineralization.

#### 3.1.1.1. Effect of dendrimers on remineralization of tooth {#sec3.1.1.1}

##### 3.1.1.1.1. Remineralization of enamel {#sec3.1.1.1.1}

Tooth enamel possess HA crystals organized into a prism to form the core unit. Damage to this enamel can be caused by bacterial plaque, mechanical force and external beverages. Remineralisation of this damaged enamel is the key in restoration of natural structure. Dendrimer has shown the potential to initiate in-situ remineralisation of damaged enamel.

Wu et al ​assessed the prospects of carboxyl terminated PAMAM alendronate conjugate as a biomaterial for in situ remineralizing agent for the human enamel. In the in-vitro part of this investigation, the etched enamel slices were exposed to artificially synthesized carboxyl terminated PAMAM alendronate conjugate, which was the test group of the investigation whereas the control group consisted of etched enamel slices that were exposed to carboxyl terminated PAMAM dendrimer and etched enamel slices without any dendrimer treatment. All the groups were submerged in artificial saliva for 4 weeks which acted as a biomineralizing agent and subjected to SEM and Knoop microhardness analysis. For the in-vivo part, all three group discs were fixed on the inner part of the rats' cheek for 4 weeks and then investigated by scanning electron microscopy (SEM). The carboxyl terminated PAMAM alendronate conjugate showed very low cytotoxicity and more adsorption on HA as compared to that of the carboxyl terminated PAMAM dendrimer and this adsorption could resist desorption by water. The ATR-IR spectra analysis showed tight binding capability of the carboxyl PAMAM alendronate conjugate on to the enamel surface inspite of washing the samples with PBS solution which is supposed to have stronger washing off power than deionized water. With the increase in time span, the remineralization of the test group increased compared to the acid etched enamel without any treatment or treated with carboxyl terminated PAMAM dendrimer and the morphology of this newly regenerated mineral closely resembled that of the normal tissue. The x-ray diffraction (XRD) study observed that the group exposed to dendrimer group maintained the orientation of the new crystals coating. The Knoop micro hardness analysis showed both the dendrimer treated acid etched enamel surfaces recovered the surface hardness as compared to the group without any dendrimer treatment. The test group showed highest recovery of the hardness and was 95.5% after 4 weeks which was close to that of the enamel of natural tooth. At the end of the 4^th^ week, when all the three group samples of the in vivo study were subjected to SEM, the results were as follows: all three groups induced regeneration of HA, but the test group HA crystals closely matched to that of the natural tooth. All groups showed surface cracks due to the mechanical activity of the rats like chewing or grinding, however, the test group had a better surface morphology. The Alendronate (ALN) has a specific chemical binding with HA, thus acts as the HA attached functional unit, but due to the large steric and rigid structure of dendrimer the adsorption capacity of carboxyl terminated PAMAM alendronate conjugate on HA crystal surface was limited. The acid etched enamel offers additional adsorption owing to its increased surface area.

The desorption of carboxyl terminated PAMAM dendrimer is faster than the carboxyl terminated PAMAM alendronate conjugate and the free carboxyl terminated PAMAM dendrimer itself restrain the biomineralisation of the mineral crystals. The strong binding between the test sample and tooth enamel lead to few free dendrimer in the artificial saliva causing superior results \[[@bib59], [@bib60]\].

Chen et al. ​analysed remineralisation potential of phosphate-terminated dendrimer (PAMAM-PO~3~H~2~) as restorative material for tooth enamel. It was in-vivo study carried out in rats. Amelogenin is an extracellular matrix protein which plays a key role in formation of enamel. PAMAM-PO3H2 has a very high affinity towards calcium ions compared to carboxyl group and can have a strong binding ability with HA. (PAMAM-PO~3~H~2~) is dimensionally and functionally almost similar to amelogenin, hence its remineralisation capacity was assessed by XRD and SEM. The treatment of acid-etched tooth enamel with (PAMAM-PO~3~H~2~) depicted a newly formed HA layer (11.23 μm) compared to PAMAM-COOH (6.02μm). It was also observed that (PAMAM-PO~3~H~2~) can get strongly adsorbed on to the enamel by adsorption tests. The newly formed enamel with prism like structures were found to be analogous to human tooth enamel. Thus it was observed that (PAMAM-PO~3~H~2~) has pronounced potential as a biomimetic material for remineralisation of enamel [@bib61]. Dendrimer by adsorption onto the enamel rods can form HA crystals resulting in remineralisation of enamel rods thereby preventing further damage ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1Remineralisation of demineralised enamel by dendrimers.Fig. 1

##### 3.1.1.1.2. Remineralization of dentin {#sec3.1.1.1.2}

Li et al ​assessed the potential of 4^th^ generation dendrimer for intrafibrillar mineralization of the dentin and thus its possible role as a substitute or restorative material. Six dentin disks were etched for 15 secs with 37% phosphoric acid and other 6 disks for 30 mins with 0.5M EDTA followed by immersion in guanidine chloride. Both the group disks were then exposed to 10,000 ppm concentration artificially synthesized 4^th^ generation dendrimer solution whereas the controlled group was given treatment of deionized water and later immersed in artificial saliva and incubated followed by field emission scanning electron microscope examination. The dendrimer treated dentine disks showed both types of remineralisation (intra and interfibrillar on the surface as well as in the dentinal tubules. The intrafibrillar remineralization been the characteristic of 4^th^ generation dendrimer and lacked by small molecule remineralization agents like sodium fluoride (NaF).

In vivo experiment also revealed regeneration of mineral crystals analogous to HA (Ca/P 1.67) of natural dentin. Non-collagenous proteins like dendrimers provides template to form nanoprecursors arranged in an orderly manner leading to intrafibrillar and interfibrillar mineralization. This being a process happening in 4 steps of binding of the dendrimer to the collagen fibrils at a specific site followed by attraction and stabilization of amorphous calcium phosphate nanoprecursors, these nanoprecursors slows the crystallization process to be converted into apatite crystals, which is vital for the purpose of intrafibrillar mineralization ([Fig. 2](#fig2){ref-type="fig"}). The nitrogen moiety acts as a complexation site of the nanoprecursors.Fig. 2Remineralisation of demineralised dentin by dendrimers.Fig. 2

Jia et al ​studied the effectiveness of 4^th^ generation PAMAM in the occlusion of open dentinal tubule by the process of biomimetic mineralization thus evaluating its potential in the treatment of dentinal hypersensitivity. In this controlled in-vitro study, the test group having 36 dentinal disc samples were immersed in the mixture of the 4^th^ generation PAMAM, peptide bond condensing agent, energy dispersive spectrometer (EDC), and N-hydroxy succinimide for 30 mins whereas in control group, the dentinal disc specimen was immersed in deionized water for half an hour. All the specimens were then incubated in artificial saliva and observed for 2,4,6 upto 8 weeks. The 4^th^ generation dendrimer has the potential to form a three-dimensional semi rigid structure which initiates the development of mineralized template on the dendrimer treated dentine thereby reducing the diameter and the density of the open dentinal tubules through the process of biomineralisation. But the present research did not observe the total blockage of the dentinal tubules and relation of the newly formed hydroxyapatite crystal to the collagen [@bib62].

Zohu et al ​assessed the in-situ remineralization potential of triclosanloaded carboxyl-terminated PAMAM dendrimer on the etched human dentine thus evaluating its potential as a restorative material for treating damaged dentine. 3000 ppm and 6000 ppm triclosan loaded dendrimer formulations were prepared by adding and processing the Solid triclosan powder to the aqueous solution of 4^th^ generation dendrimer.

The encapsulated triclosan loaded dendrimer showed strong binding property to the dentine surface and low cell cytotoxicity. With increase in time, the remineralization of the exposed dentine also progressed, with all the dentin tubules getting remineralized after 4 weeks. The 6000 ppm concentration showed more triclosan release in the incubated artificial saliva, higher degree of remineralization and more adsorption of the triclosan on the treated dentine compared to that of 3000 ppm concentration. The Ca/P ratio with 6000 ppm concentration (1.63) was similar to the HA in natural dentin (1.67). The 4^th^ generation dendrimer had the potential to act as a carrier for triclosan molecule by binding to the dentine surface by electrostatic interaction as well as a controlled release delivery system thus inducing in situ remineralization of the etched (infected) dentine. Thus this biomaterial has the potential as a restorative material for repairing the carious dentine by means of amorphous precursor pathway [@bib63].

Liang et al ​evaluated the potential of third generation dendrimer (amine terminated PMAMAM dendrimer) as a template for inducing dentin remineralization. Demineralized dentin discs were covered with fluorescein isothiocyanate (FITC) labelled third generation dendrimer. FITC labelling was done to observe the binding of the dendrimer to the demineralized dentin (test group). The control group specimens were covered with free FITC solution. Both group specimens were incubated in artificial saliva for 4 weeks. Third generation dendrimer had a good binding ability with the demineralized dentin which was observed by the yellow green fluorescence of the free FITC. The SEM study of the test group revealed progressive remineralization form 2 weeks--4 weeks with the dentinal tubules getting completely occlude by denser rod like crystal after 4 weeks. The energy dispersive spectroscopy revealed that the test group had Ca/P ratio (1.62) very similar to HA (1.67) in natural dentin unlike the control group. The XRD pattern confirmed the finding that the newly regenerated minerals in test group were HA. The test group exhibited a good capacity towards acid resistance, with all the tubules still occluded by the mineralized crystals. The mineral precipitation from in the control group resulted in a smooth surface compared to the baseline as evaluated by AFM ultra-morphology analysis.

The amine terminated PMAMAM dendrimer macromolecules has shown to have a firm binding with the demineralized dentinal collagen fibrils, and act as an ideal template to attract calcium ions and start the process of nucleation by virtue of NH~2~ and C=O. The regenerated hydroxyapatite itself acts as a new nucleation template to attract more phosphate and calcium ions leading to precipitation of needle like crystals on and within the tubules, but within the limits of the study no mineralization has been observed [@bib64].

In another study, Liang et al, 2016 PAMAM+NACP lead to remineralization of dentin in an acid challenge environment compared to the other groups, thus proving the potential of PAMAM+NACP composite in inhibiting dental caries [@bib65].

Wang et al ​in an in vitro study, used phosphorylated polyamidoamine (P-PAMAM) dendrimer along with a stabilizing agent amorphous calcium phosphate and polyacrylic acid as the potential dentine remineralizing agent on the demineralized dentine discs. Dentine disc were prepared from extracted caries free third molar and demineralized with 0.5M neutral EDTA. These dentine discs were immersed first into P-PAMAM for phosphorylation and then 16 of these discs were immersed into the biomimetic remineralization solution composed of stabilizing agent - amorphous calcium phosphate and polyacrylic acid for one week with the solution being changed every 2 days. The dentine discs immersed in the calcium phosphate solution without P-PAMAM dendrimer were considered as negative control.

Attenuated total reflection Fourier transfer infrared spectroscopy (ATR-FTIR) revealed that the dentine discs treated with P-PAMAM dendrimer had these functional groups introduced to collage molecules. Further these discs showed almost complete occlusion of the dentinal tubules to a depth of approximately 5μm. XRD pattern of these discs was observed to be similar to the sound dentin but the EDS revealed the presence of calcium deficient mineral crystals. P-PAMAM dendrimer had lesser cytotoxic effects on human dental pulp stem cells in comparison to the unmodified counterparts.

However, P-PAMAM dendrimer acted as a promoter of apatite nucleation/growth at lesser concentration (less than 100mL-1) but an inhibitor at higher concentration (more than 500mL-1). The P-PAMAM dendrimer which are regarded as artificial proteins have the ability to perform dual functions of induction of mineral nucleation binding to the collagen by virtue of its phosphate group along with the properties of excellent biocompatibility and low cytotoxicity. The biomineralisation potential can also be attributed to the amorphous calcium phosphate stabilizing potential of P-PAMAM dendrimer \[[@bib66], [@bib67]\].

Zhang et al ​investigated the in-vitro (in artificial saliva) and in-vivo (rat\'s oral cavity) effect of the 4th generation phosphate-terminated PAMAM dendrimer (G4-PO~3~H~2~) in repair of etched human dentin. The apparent remineralization in the experimental group (demineralised dentin discs treated with G4-PO~3~H~2~)) appeared after the 1-week immersion in the artificial saliva which increased over a period of time, and after 4^th^ week the disks were fully covered with HA as that of the intact dentin.

The important aspect of this group was the intrafibrillar mineralization as the mechanical properties of the dentin are dependent on it thus demonstrating 95% of the surface microhardness recovery (SMHR) as compared to that of the control group (demineralised dentin discs treated with G4-COOH) (74% SHMR). The in-vivo results of the experimental group were in accordance with the in-vitro findings demonstrating relatively well arranged, compact, intact and dense mineral layer after 28 days with the Ca/P ratio (1.588) similar to the HA in human dentin (1.667). Whereas the control group showed limited, thin and loose mineral deposits.

The significance of superior results in the experimental group can be attributed to the encapsulation capability of (G4-PO~3~H~2~) produced by one-step modification along with it acting as an dentin phosphophoryn (DPP) analog to get attached to the exposed collagen matrix, attracting and stabilizing of the phosphate group leading to formation of apatite amorphous nanoprecursor, directing these nanocrystals along the microfibrils causing intrafibrillar mineralization and guiding the other apatite nanocrystals in orientation forming huge mesocrystals which further grow into large apatite sheets along and within the surface of the collagen fibrils \[[@bib68], [@bib69]\].

Xie F et al. ​evaluated remineralization potential of demineralized dentin by group \[PAMAM + Ca(OH)~2~\]: Ca(OH)~2~ pre-treated by carboxyl modified PAMAM. Remineralization effect of this group was compared with other groups like, PAMAM group treated with carboxyl-modified PAMAM, Ca(OH)~2~ group pre-treated with Ca(OH)~2~ solution, no treatment (control group). Off all the groups \[PAMAM + Ca(OH)~2~\] displayed the highest remineralization potential as per SEM. The XRD and EDS observation were positive for HA. Thus, it was concluded that PAMAM dendrimer with carboxyl modification and Ca(OH)2 pre-treatment has the potential for remineralisation [@bib70]. In 2016, they also evaluated in-vivo biomineralisation potential of carboxyl-terminated PAMAM dendrimer (PAMAM-COOH) on demineralized dentin and its ability to occlude dentinal tubules. Test models of demineralization dentin treated with PAMAM-COOH and control without the treatment were placed and sutured towards the inside of the cheeks of the rats and were incubated in the saliva.

New HA crystals were observed in the test groups whereas the control group did not depict any growth. Newly formed HA showed similar characteristics to that of natural dentin. Also, the microhardenss was higher with them control to the controls. Thus, it was concluded that application of PAMAM-COOH possess the capability to induce biomineralisation and can find an application in dentin hypersensitivity due to its blocking action of dentin tubules [@bib71]. They conducted another in-vivo investigation on the biomineralisation and ability of occlusion of dentinal tubules by (PAMAM-COOH) at various time points. The investigations were done on male Sprague-Dawley (SD) rats. Random assignment was performed with dentin specimens into control group (category A) and experimental group (category B). Microhardness of the dentin specimen treated with PAMAM-COOH was significantly higher than the control group (p \< 0.001). XRD analysis of for PAMAM-COOH showed exhibited sharp diffraction peaks (characteristic of HA) while control specimens didn\'t exhibit any diffraction peaks. EDS test exhibited complete obliteration of tubules for test group while incomplete for control group. Significance is that there are two mechanisms projected for crystal formation stimulated by G3.5 PAMAM-COOH. First is dendrimer serving as nucleation site because of supramolecular aggregation and the second is the binding of calcium at the carboxylic group on the surface of the dendrimer which may function as a nucleus. PAMAM-COOH also has high bonding strength with demineralized dentin. G3.5 PAMAM-COOH causes biomimetic remineralisation of human dentin leading to increased surface microhardness [@bib71].

Gao Y et al ​investigated the in-vitro effect and stability of the fourth generation amine-terminated PAMAM on occlusion of dentinal tubule in relation to dentin permeability. Demineralized dentine samples were coated with PAMAM, NaF solutions and distilled water and soaked in artificial saliva at 37 °C at immediate, one week, two weeks and four weeks. After four weeks, samples of both groups were equally divided into brushing challenge group and an acid challenge group. Fluid filtration system was used to measure dentine permeability of every sample. In brushing and acid etch challenge the blocking rate between PAMAM and NaF did not differ significantly (p \> 0.1). Pre-challenge SEM micrographs showed that the tubules of PAMAM groups had needle-like crystals while in NaF group, minerals precipitation inside the tubules was only few microns underneath the surface. After acid etch challenge PAMAM yielded a significantly lower permeability than sodium fluoride because the PAMAM group had more crystals in the dentinal tubules as shown in the SEM [@bib72].

Liang K et al ​investigated a novel technique of dentin remineralization by combination of PAMAM with a composite of nanoparticles of amorphous calcium phosphate and hardness in an acidic solution lacking Ca and P ions. Demineralized dentin samples were separated into four groups: dentin samples, dentin samples layered with PAMAM, dentin samples coated with NACP nanocomposite, dentin samples coated with PAMAM+NACP composite. . Ca and P peaks (p \< 0.05) were highest for PAMAM + NACP compared with other groups in terms of chemical composition in remineralized dentin. NACP group had greater dentin hardness compared to PAMAM and control groups (p \< 0.05) while PAMAM + NACP caused the maximum increase in dentin hardness. The significance is that two strategies worked together to promote dentin remineralization when using PAMAM + NACP viz. presentation of nucleation templates and creating a high concentration Ca and P ions locally. The PAMAM and NACP composite combination achieved dual benefits of promotion of remineralization and prevention of demineralization thereby leading to increase in hardness [@bib73].

Lin X et al. ​investigated effect of reformed nano-hydroxyapatite (n-HAP) with PAMAM-COOH on occlusion of dentin tubules. In-vitro tests showed that dendrimer-functionalized n-HAP could effectively occlude the dentinal tubules by forming across linkage with collagen fibres compared to other groups. In addition, this modified n-HAP with PAMAM-COOH also showed potential to form HAP crystals which can seal off the tubules. Thus, these can have a clinical application of dentin hypersensitivity [@bib74]. Tao et al ​in an invitro study assessed the extent of quantitative remineralization of the demineralized dentin using dendrimer with --OH, --COOH and --NH~2~ terminal groups. Using EDTA, the uniform thickness dentin disks were demineralized and treated with distilled water as a control and with dendrimer with --OH, --COOH and --NH~2~ terminal groups. All the treated dentin specimen were incubated in artificial saliva for four weeks and examined with transverse microradiography (TMR), SEM, EDS and Vicker\'s hardness testing. SEM revealed that the tubule occlusion was similar in PAMAM-NH~2~ and PAMAM-COOH and was noticeable than PAMAM-OH group. The tubule blocking rate of PAMAM-COOH and PAMAM-NH~2~ groups were significantly higher than PAMAM-OH group, and that of PAMAM-OH group was significantly higher than control group. The atomic percentages of Ca and P in dendrimer treated groups were significantly higher than the control group. The was the first of its kind in which quantitative remineralization of the demineralized dentin using dendrimer with --OH, --COOH and --NH~2~ terminal groups was evaluated. Significance here is that dendrimer acts as a template for remineralization. More charged --NH~2~ and --COOH terminal dendrimer cause more molecules binding to the collagen fibrils than the --OH group. Similarly charged --NH~2~ and --COOH terminal dendrimer has better ability to attract calcium phosphate that --OH terminal dendrimer resulting in better mineralization [@bib75].

Xiao et al ​conducted a study to develop a bioactive multifunctional composite (BMC) with nanoparticles of amorphous 2-methacryloyloxyethyl phosphorylcholine (MPC), dimethylaminohexadecyl methacrylate (DMAHDM), calcium phosphate (NACP) and silver nanoparticles (NAg) and assess the effect of combined BMC + third generation dendrimer (PAMAM) on remineralization potential of the demineralized root dentin in an environment having lactic acid and artificial saliva. Two types of composites were prepared in this study- (1) Remineralizing and antibacterial and composite (2) Control (without antibacterial agents. Two commercially available composites served as control for mechanical testing like calculating the flexure strength and elastic modulus. BMC + PAMAM group showed greatest gain in the dentin hardness and degree of remineralization due to highest mineral regeneration in this group. Combination of MPC, DMAHDM, NACP, NAg and PAMAM could act as a composite (with protein repellent action) to repel bacteria attachment and reduce biofilm growth by virtue of presence of MPC polymer in it. The quaternary amines also acted as antibacterial due to their contact inhibition property along with Nag which is toxic to a variety of microorganisms. The NACP nanocomposite induced remineralization and release of P and Ca ions at low pH and PAMAM attracted Ca ions by Ca complexes with larger numbers of amine groups on the outer surface and amide groups in its branches. The combination of BMC + PAMAM showed the highest mineral regeneration and root dentin hardness almost resembling that of the healthy dentin due to the triple advantages of provision of nucleation templates, increased Ca and *P ion* concentrations and neutralization of acid. Thus this combination of BMC+PAMAM has a potential use in treatment of root caries to promote remineralization [@bib76].

Yang et al. ​investigated the dentine bonding properties and biofilm regulating and remineralization potential of a novel adhesive containing dendrimer (PAMAM) and di methylaminododecyl methacrylate (DMADDM). The composite resin disks were coated with four bonding systems. SEM showed 1% PAMAM and 1% PAMAM + 5% DMADDM for the presence of newly formed minerals in dentinal tubules. The strong antibacterial effect of 5% DMADDM group and 1% PAMAM + 5% DMADDM group can be attributed to the property of contact killing mechanism and triggering the programmed cell death of DMADDM, thus attributing the anti caries effect and combination of PAMAM and DMADDM regulated the biofilm to a healthy condition. PAMAM has the property of biomineralisation established on particle based crystallization concept and DMADDM had no counteractive effect of PAMAM. Thus the novel adhesive with dual anti caries action having PAMAM and DMADDM could be a solution for various dental applications [@bib77].

#### 3.1.1.2. Effect of dendrimers on composite resins and adhesive systems {#sec3.1.1.2}

Dental composites are made up of inert filler and hydrophobic resin. Resin cure is achieved by polymerization stimulated by activators and or light. The cured composite possesses excellent wear resistance, flexural and compressive strength. (1) They have excellent aesthetic properties. However, they have a high shrinkage (2.5--4%) which can be of disadvantage in relation to microfractures. (2--4) Addition of fillers like silica, quartz, silica glass decreases the polymerization shrinkage and enhances the mechanical properties of composites. Hyper-branched (HB) and dendrimer polymers including polyethers, polyurethanes, polyesters and polyamides. Main characteristic of these is the low viscosity compared to the other additives. Dental materials encompassing dendrimer and HB polymers along with monomers used in dental composite resins can be a favourable technique for enhancing the properties of composite resin system.

H. Dodiuk-Kenig et al. ​evaluated the effect of dendrimer and HB polymers on shrinkage and strength of dental composites and bond strengths of adhesive systems. In this experiment, HB (possessing hydroxyl or amide group) or dendrimer (carboxylate end groups) was used to replace a part of Bis-GMA \[2,2-bis-\[p-(2-hydroxy-3-methacryloyloxypropoxy)-phenyl\] propane\]. Four HB polymers were tested namely two dendripolyamides, PAMAM, and HB polyesteramide. It was observed that there was significant improvement in mechanical properties and decrease polymerization shrinkage of dental composites and improved shear strength and bond durability of adhesive systems due to addition of hyper-branched (HB) polyesteramide. This can serve as a guide in developing newer novel materials with inclusions of HB components for better and long-term durable properties of a dental restorative material \[[@bib78], [@bib79]\].([Fig. 3](#fig3){ref-type="fig"}).Fig. 3Addition of HB Polymers to adhesives and composite resins improves the mechanical properties of restorative material.Fig. 3

Paul N et al. ​investigated influence of addition of dendrimers on mechanical properties of dental composite materials. Incorporation of multi-methacrylate dendritic additive (0.5%) enhanced the flexural strength (21--35%) in comparison to control. Addition of dendrimers with higher molecular weights increased the flexural strength of composites. The acetone extractable product was reduced by 85% after incorporation of low concentrations of dendritic additives. Thus it was observed that at cross-linking, highly globular and even low concentrations of dendrimer additions also can improve properties of dental composite resins [@bib80].

Viljanen EK et al. ​determined the degree of double bond conversion (DC) and thermal properties resins having dendritic copolymers. The test composites were the ones with filler particles along with dendrimer monomer, AAEM (acetoacetoxyethyl methacrylate) and MMA (methyl methacrylate) along with added BDDMA (difunctional methacrylate, 1,4-butanediol dimethacrylate) and compared to unfilled resins. It\'s important to study the DC as it influences the strength and properties of the polymers. It can prevent the leaching out of monomers preventing toxic effects or any allergic reactions [@bib81].

#### 3.1.1.3. Effect of dendrimers in periodontology {#sec3.1.1.3}

Periodontitis is an infectious-inflammatory disease elicited by oral bacteria organized in biofilms, causing loss of bone support and, in numerous cases, in tooth loss \[[@bib82], [@bib83]\]. Efficient removal of plaque and calculus is very effective in many cases [@bib84], it has limitations in advanced periodontal disease conditions and aggressive periodontitis where the tissue invasive organisms can repopulate and cause recurrence of the disease condition. Hence adjunctive treatment like systemic antimicrobials can be advocated to present the recurrence and spread of the condition. There is robust evidence to support the use of systemic antibiotics as adjuncts to scaling and root planning (SRP) in the management of severe periodontitis \[[@bib85], [@bib86], [@bib87], [@bib88]\].

Over the years, various antimicrobials have been used along with SRP, combination of amoxicillin (AMX) and metronidazole (MTZ) has been shown to be very much effective in management of severe periodontitis \[[@bib87], [@bib89]\]. MTZ acts by inhibition of DNA synthesis. Most of the teeth surfaces are covered with biofilm. The organisms harbouring these biofilms are bacteria, fungi, viruses and protozoa. Dental plaque is a community of various microflora embedded in matrix of the bacterial polymers growing onto the teeth surfaces as a biofilm [@bib90]. The bacteria present can cause periodontal disease and dental caries. Hence, most of the mouthwash and toothpastes include an antiplaque agent to prevent plaque formation. For effective action of any antibacterial agent, it should be released in sustained manner over a period of time to have a long-lasting effect. The use of drug delivery system can be useful to enhance drug release and retention for suitable mode of action. PMAMA dendrimers can find a vast application as drug delivery carriers in dentistry. The active molecules can either be conjugated onto the surfaces or incorporated into the dendrimer architecture \[[@bib91], [@bib92]\]. PAMAM have been used in various applications for delivery of active agents \[[@bib93], [@bib94]\]. The cationic PAMAM binds well to the anionic mucin displaying mucoadhesive properties for its use in the oral cavity.

J. Gardiner et al. ​evaluated various concentrations of PAMAM dendrimers (1--5mM) for their potential for solubilisation of Triclosan (TCN). The observations of the study were that, at lower pH, dendrimer was not able to maintain the previous observations of increased solubility of TCN. This highlights that solubilisation effect could be a result of TCN ionization instead of dendrimer encapsulation. Modification of the dendrimer was performed by incorporation of aromatic phenylalanine groups to the terminal amine groups. This was done to enhance the affinity of dendrimer with TCN through stacking interactions. However, these modifications didn\'t show any enhancement in solubility of TCN in comparison to buffer solutions. A different approach is being studied to observe conjugation of PAMAM with TCN via hydrolysable linkage [@bib95].

Dung TH. ​studied the use of PAMAM dendrimer G5-pluronic F127 nanofilm as a suitable matrix for or sustained release of metronidazole as an antibacterial drug. Dendrimer nanofilm was loaded with different concentrations of metronidazole coated with and without gelatin. The erosion rate and drug release profiles were reduced in acidic conditions. Gelatin coating helped in prolonged release of metronidazole. G5-PF127 with 20% gelatin coatings depicted the best release of metronidazole. Thus, it was concluded that, PAMAM G5-pluronic F127 can serve as suitable carrier for delivery of antibacterial drugs at the required site. Thus, it can find a relevant application in field of periodontology to act as an adjunct for mechanical therapy [@bib96].

Yuan Lu. ​investigated effect of Nitrous oxide (NO) releasing amphiphilic dendrimers (PAMAM) with exterior hydrophobicity (propylene oxide (PO), 1,2-epoxy-9-decene (ED), or a ratio of the two i.e. PO/ED) to eliminate biofilm bacteria and minimum cytotoxicity. Equal PO/ED modification showed highest efficacy in eliminating *P. aeruginosa* biofilms with minimum effect on viability of L929 mouse fibroblast. The exterior hydrophobicity had significant influence on bactericidal action and minimal cytotoxic effect. The optimal PO/ED observed were 7:3 and 5:5. Thus, study demonstrated that size and exterior properties of dendrimer can determine its bactericidal efficacy along with maintenance of its biocompatible properties [@bib97].

Backlund et al. ​assessed antimicrobial efficiency of generation 1 (G1) polyamidoamine (PAMAM) (propylene oxide (PO)-modified) and NO-releasing 3-methylaminopropyltrimethoxysilane silica particles (MAP3) against *Streptococcus Sanguis (S.sanguis)*), *Porphyromonas gingivalis (P.g)* and *Aggregatibacter actinomycetemcomitans (A.a)*. These are caries and periodontal disease-causing bacteria. It was observed that even though comparable amounts of NO were released by both, NO-releasing PAMAM showed superior antimicrobial efficacy in comparison to silica. The effect was more pronounced for *P. g* and *A.a* while *Streptococcus mutans (S.mutans) and (S. sanguis)* were less sensitive. It could be explained that, these cariogenic bacteria utilises nitrite reductase in conversion of nitrite to NO to enable survival in nitrite-rich acidic medium [@bib98]. Another reason presented as per Gusarov and Nudler ​findings is that NO mediates protection against oxidative stress [@bib99]. PAMAM dendrimers and silica based NO release displayed considerably less toxicity for human gingival fibroblasts at the levels required to kill periodontal pathogens (2 and 4 mg/mL, respectively) compared to clinical concentrations of chlorhexidine (0.12 and 0.20% (w/w). Thus, this observation shows that dendrimers or silica can act as potential scaffolds for release of NO for efficient eradication of A.a and P.g. These results advocate the possible use of novel material (macromolecular NO-release scaffolds) for the development of therapeutics for elimination of periodontal diseases [@bib100].

#### 3.1.1.4. Effects of dendrimers in implant dentistry {#sec3.1.1.4}

Titanium (Ti) is choice of material in dental implants. Inspite of being successful, lack of osseointegration leading to failure of implants is a concern. To mimic the biological situation and decrease the chances of infection and inflammation around implants, various surface modifications in terms of coatings, roughness, thread geometry have been used to enhance the long-term success. The ultimate aim is to improve the osseointegration and prevent the bacterial adhesion in relation to the implant surfaces [@bib101]. Recently, nanotechnology has been applied to modify implant surface to enhance osseointegration. One of them is the implant surface modification by fluoride implant surface which showed better bone-to-implant (improved by 13%) in comparison with conventional rough implant surfaces [@bib102]. Also, hydrophilic modified SLA surface depicted better BIC compared to the hydrophobic SLA surfaces [@bib103]. Alternative approach could be to enhance and improve osseointegration is by dendrimer coatings on implant surface.

Scheideler et al. ​assessed in vitro the influence of different PAMAM dendrimers like PAMAM-NH~2~ and PAMAM-pyridinium as well as PAMAM-COOH on adhesion of early colonisers. It was observed that dendrimer coatings were efficient in reducing the S.g adhesion in vitro situations. However, they can also be utilised for in-vivo models in preventing the attachment of similar plaque bacteria onto the implant surface. Thus, it can be hypothesized that addition of PAMAM coatings can prevent peri-implant infections and enhance the success of implant survival [@bib104] ([Fig. 4](#fig4){ref-type="fig"}).Fig. 4Implant surface (A) coated with dendrimer. Localised delivery of these cations possess antibacterial action and also enhances osseointegration with the bone (B).Fig. 4

Bengazi F et al. ​compared the osseointegration of implants coated with and without coatings of dendrimers. It was an in-vivo study done in beagle dogs. The comparison was between zirconia sand blasted, acid etched (ZirTi) surface and dendrimer modified ZirTi by phosphoserine and polylysine installed in mandible of beagle dogs. It was observed that percentage of bone to implant contact (BIC%) was higher for ZirTi (74%) in comparison to dendrimer surface (65%) which was statistically significant. This study observed that dendrimer coating did not enhance osseointegration the surface coating of implants compared to conventional surface [@bib105].Various surface functionalization approaches are being developed to mimic biomimetic environment to enable tissue repair and promote biomineralisation around implants. One of the method is the use of phosphatidylserine films on titanium implant surfaces to enhance rapid biomineralisation.

Galli et al. ​tested phosphoserine-tethered generation 3 poly(epsilon-lysine) \[G3 PSL-PL\] dendrons as film applications as implant coatings to improve the osteoblasts differentiation and Wnt/b-catenin signalling. MC3T3 osteoblastic cells derived from murine model along with mesenchymal, undifferentiated C2C12 cells and bone marrow cells were utilised to test titanium disks with and without dendron coatings. Reporter assay was used to test for Wnt signalling pathway and Real Time PCR for analysis of gene expression. Test results showed that there were increased expression osteoblastic markers namely osteocalcin and alkaline phosphatase. These were positive for primary bone marrow cells as well as MC3T3 cells. Expression of Wnt genes, mRNA levels of Wisp-2 and of b-catenin and osteoprotegerin were also noticeably high in cells growing on dendron coated surfaces. The signalling pathway activation in cells growing on dendron films was established by utilisation of TCF/b-catenin reporter system in the C2C12 cell line. To conclude, findings of this study shows that G3 PSL-PL can act as stimulation for initiation of osteogenic signalling cascades in-vitro and stimulate differentiation of mesenchymal cells into osteoblasts. Thus, in vivo testing might help to use these films as novel coatings to enhance the process of osseointegration and prevent implant failures [@bib106].

#### 3.1.1.5. Effects of dendrimers on denture materials {#sec3.1.1.5}

Kawaguchi et al ​investigated the effect of methacrylated dendrimers (DD1) on flexural modulus, flexural strength and hardness of resin matrix of denture base resins. There was a statistically significant difference incorporation of quantity of cross linkers on flexural strength (p \< 0.05), however it was not significant for flexural modulus. Incorporation of dendrimer showed a significant result on flexural modulus (p = 0.0196) and on microhardness in comparison to EGDMA (p \< 0.001). Addition of DD1 had a high influence on mechanical properties of polymer. Resin cross-linked with DD1 was stiffer and high in hardness compared to those of EGDMA. The reason for this is that DD1 resists extreme movements by providing anchoring points. Incorporation of small quantities of cross linkers increased modulus and flexural strength however they decreased with addition of large quantities of the cross linkers. This can explain the formation of IPN (interpenetrating polymer network) layer which may vary with larger quantities of cross linkers and gradually influenced the flexural properties. Thus from clinical view point, addition of dendrimer as cross linker for denture base resins can be useful to enhance flexural properties of the material [@bib107].

#### 3.1.1.6. Effect of dendrimers on dental pulp cell differentiation {#sec3.1.1.6}

Kim et al ​studied the effect of 5 PAMAM dendrimers (G5) on binding and differentiation capacity of dental pulp cells using western blot. Dental pulp cells showed strong binding and uptake with this conjugate dendrimer and demonstrated increase in the gene expression of Dentin matrix protein (DMP-1), dentin sialoprotein (DSPP), vascular endothelial growth factor (VEGF) and matrix extracellular phosphoglycoprotein (MEPE). Treatment of dental pulp cells with the conjugate dendrimer led to increased mineralization (measured by Von Kossa assay) suggests that PAMAM dendrimers conjugates with cyclic RGD peptides by targeting the integrins of the dental pulp cells can increase the odontogenic potential of these cells [@bib108].

#### 3.1.1.7. Effect of dendrimers on cancer {#sec3.1.1.7}

Yan Y et al ​[@bib109], conducted a therapeutic investigation by developing a unique carboxyl-terminated dendrimer as a therapeutic agent for delivery of drug at a specific target. The carboxyl-terminated dendrimer enveloped with platinum nanoparticle exhibits selective action at the osteolytic areas of tumors without affecting the healthy tissues. Due to higher density of carboxyl-terminated dendrimer provides the polymer with effective binding with the host bone. It also exhibits good biocompatibility. Thus, this type of dendrimer can serve as a potential agent for delivery of a drug for treatment of bony lesions in relation to malignant tumors.

Liu X et al ​[@bib110] experimented in vitro the effect of PAMAM -mediated short hairpin RNA (shRNA) against Human telomerase reverse transcriptase (hTERT) in oral cancer. It was observed that PAMAM mediated shRNA proficiently silenced the hTERT which prevented the cellular multiplication and resulted in apoptosis. This cancer in which hTERT is widely observed, dendrimer mediate silencing can provide a effective option for treating oral cancers. Ma et al ​[@bib111] investigated use of PAMAM dendrimers for delivery of sulfamethoxazole as antibacterial agent. They experimented effect of PAMAM dendrimer (G2-G4) on solubility and in vitro effect on release of sulfamethoxazole along with PAMAM. The G3 PAMAM (10 mg/ml) exhibited 40-fold rise in solubility of sulfamethoxazole in comparison to double distil water at around 37 °C. with advancement from lower to higher generation, there was a proportional increase in solubility of sulfamethoxazole. Thus, PAMAM dendrimers were able to increase the solubility of sulfamethoxazole to enhance its use for clinical applications. Furthermore, G3 PAMAM along with sulfamethoxazole depicted 4 or 8 --fold surge in antibacterial action compared to sulfamethoxazole along with NaOH solution. Thus under appropriate environment, PAMAM can be considered an effective drug carrier for sustained release of sulfonamides to achieve the desired results.

4. Conclusion {#sec4}
=============

PAMAM dendrimer has shown to have marked prospective to be used as biomimetic biomaterial for remineralisation of enamel. It has been tested various modifications like OH, --COOH and --Nh2 terminal groups. It induces regeneration of HA crystals which has shown to increase the hardness of acid etched enamel. This is similar to that of hardness of natural tooth enamel. The phosphate-terminated PAMAM which is functionally similar to amelogenin, has a very strong affinity for calcium ions in comparison to carboxyl group and it can also have a high binding capability with HA. Hence, PAMAM dendrimer with structural modifications can serve as an excellent biomaterial for remineralization of demineralised enamel due to acids produced by cariogenic bacteria \[[@bib59], [@bib61]\].

Majority of problems associated with dentin are due to its demineralisation and increase in the permeability of dentin tubules. Dendrimers have depicted double benefits by stimulation of remineralization and prevention of demineralization. Application of dendrimers on etched dentin has shown to have stable bond with demineralised collagen fibrils and serves as a three-dimensional template to attract calcium ions to initiate the process of nucleation of formation of HA. These nanoprecursors serves foci for attraction of more phosphate and calcium ions leading to intrafibrillar and interfibrillar mineralisation. This process of biomineralisation reduces diameter of dentin tubules. Also, newly produced HA structure is similar in properties to that of natural dentin. The other mechanism is that these dendrimers forms a firm bond with demineralised dentin which resists the salivary flow action before it can accomplish the formation of HA crystals [@bib66]. Thus, it has capability to induce biomineralisation and can find an application in dentin hypersensitivity due to its blocking action of dentin tubules, incorporation of dendrimers in dental materials can repair carious dentin by remineralization of the loss tooth structure.

Addition of dendrimers has shown significant enhancement of mechanical properties of adhesive systems and reduction in polymerization shrinkage of dental composites. It also causes improvement in shear strength and better bonding durability of adhesive systems \[[@bib78], [@bib80]\].

Due to its improved mucoadhesive property and its hyperbranched structure with inner core, it can serve as a unique scaffold for release of reactive oxygen species (eg.NO) to eradicate tissue invasive organisms like A.a and Pg [@bib100]. Thus, it offers the possibility for development of materials with antimicrobial potential in management of periodontal disease \[[@bib63], [@bib96]\]. They can be used as antibacterial coating on titanium implant surfaces to prevent peri-implant infection and enhance osseointegration. Thus, can act as surface modifiers in implantology to improve the longevity of implant treatment [@bib106]. Incorporation of dendrimer as cross linking agent in denture base resins is beneficial in improving of the flexural properties of the material [@bib107]. Dendrimers possess the property of increasing the odontogenic potential of pulp cells [@bib108].

Thus, it can be concluded that due to triple action of dendrimers of neutralization of acids, nucleation precursors of HA crystals and high phosphate and calcium ions concentrations, it has the capacity to stimulate biomineralisation and can serve a biocompatible agent in treatment of carious lesions, dentin sensitivity. Also, due its high bond strength, hyperbranched structure and mucoadhesive property it can serve as superior biomaterial for dental restorations, surface coating of dental implants and treatment of periodontal diseases.
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